Introduction
With growing global concerns about environmental deterioration and climate change, there is an urgent need to explore renewable energy sources and to develop efficient energy storage systems. Lithium-ion batteries (LIBs), which are known for their applications in portable electronics and now electric vehicles, have the highest energy density among all widely adopted energy storage techniques [1, 2] . Extensive efforts have therefore been made to further improve the electrochemical performance of LIBs, and especially to search for high capacity cathode materials. Layered lithium transition metal (TM) oxides, which have the -NaFeO2 structure and the general chemical formula, LiNixMnyCozO2 (NMC) (x+y+z=1), are cathode materials that are currently under extensive studies with the high theoretical capacity of about 280 mAh g -1 [3] [4] [5] [6] [7] [8] [9] [10] .
In this family, LiCoO2 was the one adopted in the first commercial LIBs in 1990, although only about half of its theoretical capacity was utilized due to the cycling instability [11] .Later on, Ni
and Mn ions were introduced into the system in attempts to improve the performance and to reduce the cost. In recent years, LiNi1/3Mn1/3Co1/3O2 (NMC111) and LiNi0.5Mn0.3Co0.2O2
(NMC532) are also commercially adopted in Li-ion battery products. However, despite of extensive efforts made by researchers, the practical capacities of these materials are still limited because high voltage operation (>4.3V) required for the high capacity is accompanied by a rapid capacity fade.
It is generally believed that the lithium insertion/extraction, which is accompanied by changes in the chemical valence and electronic structure of the transition metal elements, could cause structural instability of the electrode and/or side reactions at the electrode-electrolyte interface. Electronic and crystal structures are both fundamental to the electrochemical performance of the material. Based on numerous electrochemical data, the empirical rules about various NMC electrode materials with different compositions are that Ni contributes to the high capacity at the expense of safety characteristics; Co improves the rate performance at the expense of cost, and Mn enhances the structural stability at the expense of capacity [12, 13] . To address the different roles each TM elements play in the electrochemical performance of the NMC materials, it is important to have a deeper understanding of the evolving electronic structures of these TM ions.
Although many studies have been done to address the structural transformation of NMC electrodes [8, 12, 14] , there are only a few reports on the evolving transition metal electronic structure. Previously, temperature-dependent magnetization measurement [15] , x-ray photoelectron spectroscopy (XPS) [9] , electron energy loss spectroscopy (EELS) [16] , TM Kedge hard x-ray absorption spectroscopy (XAS) [5, [17] [18] [19] [20] [21] and L-edge soft x-ray absorption spectroscopy (sXAS) have been applied for studying the transition metal electronic structure in various battery materials. [17, [22] [23] [24] [25] [26] [27] [28] . Moreover, it has both surface and bulk sensitivities and therefore is able to provide contrast between electrode surface and bulk [25, 29, 30] .
In this work, we study the evolving transition metal electronic structure in pristine and charged NMC532 electrodes with the cutoff voltages up to 4.5 V using synchrotron-based soft xray absorption spectroscopy (sXAS The XRD pattern of the NMC532 powder is shown in Fig. 1 (a) , which indicates that the cathode powder has the typical layered structure of a hexagonal α-NaFeO2 type with a space group of R3m (no. 166) [33] . After formation, the graphite/NMC532 pouch cells were charged at a constant current of 0.2C to various cutoff voltages (vs. the graphite anode), followed by a constant voltage charge until the current decayed to 0.05C. The charge curves with various cutoff charge voltages are shown in Fig. 1 (b) . The charge capacity at 4.2 V was 154 mAh g -1 and the increase was ~12% when elevating the charge cutoff voltage from 4.2 to 4.35 V, while the capacity increase was an additional ~8% when further increasing the charge cutoff voltage from 4.35 to 4.5 V. The other interesting observation was that the "tail" (capacity obtained in the constant voltage charge step) becomes longer when increasing the charge cutoff voltages. This could be associated with an impedance growth caused by a cathode interfacial side reaction with electrolyte at higher voltage [10, 34] . In order to determine the initial oxidation states of all three transition metal elements in the pristine NMC532, sXAS studies were carried out at the Ni, Mn and Co L-edges ( Fig. 2 and Fig.   S1 ). The transition metal L-edge sXAS spectra can be divided into two regions, the L3-edge at lower photon energy and the L2-edge at higher energy, due to 2p core hole spin−orbital splitting.
In general, the L2-edge displays much broader absorption features than the L3-edge due to shorter lifetime of the 2p1/2 core hole as a consequence of Coster-Kronig Auger decay [35, 36] .
Therefore, in this paper we will mainly focus on the analysis of the L3-edge absorption profile. We have previously demonstrated that transition metal oxides show dramatically different sXAS profiles, which enables reliable quantitatively analysis of the TM oxidation states in battery electrodes [25-27, 37, 38] . Moreover, both bulk-sensitive and surface-sensitive information could be obtained simultaneously through different detection modes, TFY and TEY, respectively. TFY is a photon-in photon-out technique with the probing depth of around 100nm while TEY is photon-in electron-out and has the probing depth of less than 10nm due to the strong interaction of electrons with the matter [39] .
For Ni (Fig. 2a and 2c) (Fig. S1 ) and Co 3+ ( Fig. 2b and 2d) are found in the pristine NMC532. In Fig. 3 (a) is elaborated later in this manuscript.
Cobalt also plays an important role in the electrochemical reaction of NMC532 as evidenced by its spectral evolution (Fig. 3(b) ). Unlike Ni, the overall lineshape of Co-L3 sXAS does not change much, however, its main sXAS peak gradually shifts towards higher energy upon the increasing voltage, which suggests the Co 3+/4+ redox. The energy position of the Co-L3 sXAS main peak as a function of the charging voltage is displayed in Fig. 3(d) . Although the majority of the charge capacity and the strongest energy shift takes place below 4.2 V, the gradually shifting sXAS peak position is clear in both the peak position plot in Fig. 3(d) and the raw data in Fig. 3(b) , indicating that the Co oxidation state keeps increasing with the voltage up to 4.5 V.
Therefore, throughout the charging process, the Co contributes to the capacity of the NMC532 electrodes, and Co redox is the only TM redox contributing to the high-voltage capacity from 4.2 V to 4.5 V.
We would like to point out that, although the peak shifts are indicative of Co oxidation states increasing from Co 3+ towards Co 4+ , in contrast to the case of Ni, a linear combination of Co
3+
and Co 4+ reference spectra could never fit the experimental spectra well. This implies that the Co states in the charged NMC532 electrodes do not simply consist of well-defined Co 3+ and Co 4+ .
Instead, the Co sXAS shows an averaged intermediate oxidation states in the electrode, indicating an itinerant electron system, especially on the lowest energy Co 3d a1g orbital, with strong electronic correlation and polaronic effects as in LiCoO2 [41] . We note that such an itinerant electron system fundamentally improves the overall electric conductivity by delocalizing the charges, which could be the fundamental mechanism of the improved rate performance through Co doping in NMC systems. In order to elucidate the surface behavior of the NMC electrodes at high voltages, as briefly mentioned above, Fig. 4 shows the surface-sensitive Ni and Co L3-edge TEY sXAS spectra as a function of the charging voltage. Again, the Mn L-edge TEY spectra are displayed in Fig. S1(b) , which show unchanged Mn 4+ in all the samples. Although sXAS using high-intensity synchrotron light is sensitive to even a small quantity of Mn 2+ ions on the electrode surface [27, 38] , no Mn 2+ was detected on the NMC532 electrode surface, suggesting that the Mn 4+ ions in NMC532 are very stable against electrochemical cycling. As Mn 2+ is notorious for its close relation with transition metal dissolution [3, 27, 42, 43] , the absence of Mn 2+ on NMC532 electrode surface suggests that the main cause of NMC532 degradation is likely not related to Mn dissolution [13] . Both the Ni and Co L3-edge TEY sXAS spectra display similar overall behavior with voltage as that of the bulk TFY data (Fig. 3) . However, the Ni 2+ concentration from the TEY and TFY signals is dramatically different on the charged electrodes. Despite that the Ni valence concentration of the pristine NMC electrode is the same for the bulk and surface, the charged electrodes have 20% of Ni 2+ on the surface compare with 12% in the bulk.
Considering the bulk signal also includes the contribution from the surface, the results indicate that majority of the inactive Ni 2+ concentrates on the surface of the electrodes. This may arise from the surface reconstruction and/or reactions with the electrolyte during high voltage operation [12, 27, [44] [45] [46] . 
4.5V
are bonded to the oxygen [47] . The bulk-sensitive O-K TFY sXAS spectra (Fig. 5 (a) ) exhibit clear voltage-dependent spectral evolution in the pre-edge region (527-534 eV), which reflects the cycling behavior of the transition metal ions in the bulk NMC532 electrode. When the electrodes are charged at high voltage, electrons are removed from the TM-3d orbitals. The increased low-energy absorption intensity at around 529eV is related to the increased TM-3d holes [26] . The contrast between the surface-sensitive TEY signal (Fig. 5a ) and bulk-sensitive TFY signal (Fig.5b) is due to the oxygen-containing decomposition products of the electrolyte, which suppress the O-2p and TM-3d hybridization features from the electrode [30] . In general, the overall lineshape change of the O K-edge sXAS spectra at the pre-edge regime is consistent with the TM L-edge results and with other Ni redox systems [26] . We have to note that recent reports on layered battery compounds suggest possible oxygen redox at high potentials [48] [49] [50] , and changes on O-K sXAS in the pre-edge range have also been discussed in Li-rich layered compounds [51] . However it is clear that the main O-K lineshape change here stems from the TM valence change, and interesting pre-edge features also depend strongly on the hybridization character and the overall system covalency that often vary with electrochemical potentials. We therefore only clarify the TM redox in the NMC532 system in this work, and note that further efforts beyond sXAS will be necessary to address the possible evolution of oxygen states in this system.
Conclusions
In conclusion, we performed sXAS studies of the Ni, Mn, Co L-edges and O K-edge of NMC532 electrodes during the charging processes up to 4.5 V. We found the existence of about 
